A contribution to the special feature 'Ecological resilience: from theory to empirical observations using long-term datasets'. Anthropogenic climate change is continuously altering ecological responses to disturbance and must be accounted for when examining ecological resilience. One way to measure resilience in ecological datasets is by considering the amount and duration of change from a baseline created by perturbations, such as disturbances like wildfire. Recovery occurs when ecological conditions return to equilibrium, meaning that no subsequent changes can be attributed to the effects of the disturbance, but climate change often causes the recovered state to differ from the previous baseline. The palaeoecological record provides an opportunity to examine these expectations because palaeoclimates changed continuously; few periods existed when environmental conditions were stationary. Here we demonstrate a framework for examining resilience in palaeoecological records against the backdrop of a non-stationary climate by considering resilience as two components of (i) resistance (magnitude of change) and (ii) recovery (time required to return) to predicted equilibrium values. Measuring these components of resilience in palaeoecological records requires high-resolution fossil (e.g. pollen) records, local palaeoclimate reconstructions, a model to predict ecological change in response to climate change, and disturbance records measured at the same spatial scale as the ecological (e.g. vegetation history) record. Resistance following disturbance is measured as the deviation of the fossil record from the ecological state predicted by the palaeoclimate records, and recovery time is measured as the time required for the fossil record to return to predicted values. We show that some cases may involve nearly persistent equilibrium despite large climate changes, but that others can involve a shift to a new state without any complete recovery.
Introduction
The palaeoecological record provides important context for understanding current ecological resilience because past ecological changes took place in the context of a continuously changing climate. Over the last 20 000 years global temperatures increased 3-48C globally and changed rapidly at times, even within decadal and centennial timescales [1] [2] [3] . The total magnitude of warming resulted in climate changes large enough to drive biome changes across continents [4] [5] [6] . Examining resilience and climate change together is useful for both past and present-day ecological research; like some past cases, the magnitude of anthropogenic climate change will be large enough to drive biome changes and the rate of climate change will be fast enough that humans will observe these changes within a lifetime.
The definition of ecological resilience varies among studies. Here, we use the framework proposed by Hodgson et al. [7] that measures resilience as a two-dimensional metric of (i) the resistance of ecological changes in response to a disturbance and (ii) the recovery after a disturbance. Measuring resilience & 2019 The Author(s) Published by the Royal Society. All rights reserved.
then combines the magnitude of ecological change (resistance) and the time required to return to a baseline state (recovery).
Given this framework, an important first question becomes what baseline should determine recovery. Is recovery simply a return to some prior ecological state? The challenge presented by disturbance in a time of climate change stems from the high likelihood, in many settings, that the baseline state would change even in the absence of disturbance. Vegetation may closely track new climate conditions ('dynamic equilibrium' [8] ) or may experience changes that lag behind the climate changes, but that represent progressive climate-driven changes in the baseline state ('disequilibrium' [9] ). Indeed, palaeoecological datasets indicate that stable baseline states rarely exist. The challenge of a changing baseline applies to nearly any time period because climate variability exists on seasonal to annual scales in a continuum extending to periods of greater than 10 5 years [10] . Resistance would still be measured as the magnitude of deviation from the prior state, but recovery could not be measured as a return to the prior state. One approach, therefore, may be to measure recovery relative to the expected equilibrium to climate. The idea of ecological recovery as returning to equilibrium is not new. The ideas of resilience stem, in part, from the idea that disturbances move ecological units temporarily out of equilibrium or alter variance around a mean state. Experiments measuring recovery rates under changing environmental conditions calculate recovery as the time required to return to a slowly changing baseline [11, 12] . Theoretical research shows that different patterns may emerge in equilibrium versus stochastic systems (e.g. [13, 14] ). Palaeoecology reframes the issue in the context of a dynamic or changing potential equilibrium state and highlights the utility of explicitly expecting a dynamic baseline in resilience research.
Here we measure resilience in a palaeoecological dataset in the context of a dynamic or changing potential equilibrium state by measuring resistance and recovery. Doing so requires four things: (i) fossil pollen or other palaeoecological datasets with a temporal resolution high enough to measure processes such as return time, (ii) a model of the relationship between biota (or other ecological unit) and climate, (iii) high-resolution palaeoclimate reconstructions, and (iv) relevant reconstructions of disturbance. To show the importance of these four requirements we compare two palaeoecological records. We examine a palaeoecological record with only a palaeoclimate reconstruction and a low-resolution fossil pollen record (Rogers Lake) and contrast it with a record that has each of these four components (Summit Lake).
Background and methods
At the end of the Younger Dryas interval (YD) at ca 11 600 years before AD 1950 (BP), climates near the North Atlantic in New England shifted rapidly with temperatures increasing by 7-178C within 200 years [15, 16] . The changes profoundly altered vegetation in the region, causing the decline and replacement of boreal forests dominated by Picea spp. (spruce) by mixed and temperate deciduous forests [17] . We contrast these changes with the persistence of subalpine Picea-Abies (spruce-fir) forests in northern Colorado during the last 2000 years when hemispheric-to-regional temperatures changed by less than 18C over several centuries, but where extensive fires ca 1000 years BP disturbed this landscape [18] . Therefore, our analysis contrasts a large vegetation state change attributed to rapid climate changes with a state change attributed to disturbance. We examine fossil pollen datasets from Rogers Lake, Connecticut, USA [19] and Summit Lake, Colorado, USA [18] . Lake sediment oxygen isotopes from each region provide constraints on the climate changes [20, 21] .
Previously we reconstructed vegetation history and wildfire history surrounding Summit Lake in an approximately 100 000 ha subalpine forested landscape [18] . To reconstruct wildfire history, we used charcoal deposited within lake sediments from 12 lakes within this 100 000 ha area [22] . When a high severity subalpine wildfire burns within a 1-3 km radius of a lake, an increase of macroscopic charcoal (greater than 125 mm particle size) becomes buried in the lake sediment [23] .
To identify past wildfire, we identified peaks of charcoal accumulation in a charcoal series according to the methods of Higuera et al. [24] . Because the information from significant peaks of charcoal accumulation only indicates wildfires that burned within some portion of the 3 km radius, we combined charcoal records from 12 lakes to reconstruct landscape-scale wildfire histories as a percentage of sites burned within a given century.
To measure vegetation resilience after a disturbance as a deviation from vegetation-climate equilibrium, we need a model to generate predicted values for vegetation. We modelled the response of vegetation to climate by comparing conifer pollen percentages and d
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O in a simple linear model framework (conifer per cent [25] (see the electronic supplementary material). Future work could expand this method with additional climate variables and nonlinear responses. Previous publications provide more detail for both methods, including accounting for temporal autocorrelation [18, 22] .
Results
The YD record from New England illustrates that the baseline state can change substantially in a manner consistent with climatic expectations. In the Rogers Lake pollen record, Picea pollen percentages decline from approximately 20% to near zero between 12 000 and 11 000 BP and then remain low through 10 000 BP (figure 1b). Generally, changes in d At Summit Lake, conifer pollen percentages decline progressively over the past 2500 years (figure 1e) and, consistent with the results from New England, are correlated with the d
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O changes (figure 1f, r ¼ 0.55). Between ca 1130 and 1030 BP, greater than 80% of the other palaeoecological sites studied near Summit Lake burned (figure 2b) [22] . At the time of peak wildfires, conifer percentages declined from 60 to 41% (figure 1). We can measure the magnitude of resistance as the deviation from predicted values after disturbance, i.e. the change in residuals of the regression model ( figure 2a,c) . The residuals from the linear model indicate initial resistance within the past range of variability with a 28% change at ca 1000 BP (figure 2c). As for recovery time for conifers, we never observed a return to the previous climate-vegetation equilibrium. The relationships (linear models) between conifer pollen and d 
Discussion
The two case studies show that the composition of conifer forests in cold environments have tracked past climate changes. The linear d
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O-pollen models represent the equilibrium around which conifers vary as a function of additional biotic or disturbance processes. The residuals in the models indicate that the range of variability around the potential equilibrium vegetation state is about 5-10 percentage points. When the residuals often centre around zero, including during the most rapid YD climate changes (electronic supplementary material, figure S1), they confirm that the vegetation changed without substantially lagging behind the climate. However, shifts in residuals that differed significantly from zero, such as after the fires at Summit Lake, indicate a loss of resilience; the change in the vegetation-climate relationship represents a shift to a new dynamic equilibrium.
Low vegetation resistance and a lack of recovery in the high elevation forests at Summit Lake after a large infrequent disturbance (figures 1 and 2b) represents the possibility that the climatic changes in the potential equilibrium states will permanently change responses to disturbance. We do not have disturbance history data for Rogers Lake, but the loss of Picea as a locally-dominant taxon demonstrates the importance of accounting for climate change: fires or other disturbances after regional warming at ca 11 600 BP could not have produced the same vegetation responses as those during the YD when Picea was abundant. Initially the resistance of conifers at Summit Lake (i.e. the magnitude of the shift in residuals) was within the range of past variability, but the magnitude of resistance becomes apparent when considering recovery-the vegetation never returns to the previous climate equilibrium Additional research provides insights into the mechanism for this shift in residuals-feedbacks with drifting snow that limit total conifer cover. The feedbacks with drifting snow then change the relationship between vegetation and climate, possibly creating a new resilient state [18, 26, 27] .
The results also show some of the challenges facing researchers examining resilience in pollen records: high variance, differing source areas between pollen and charcoal records, and the need for high-resolution and well-calibrated datasets. The differing intercepts and change in residuals at Summit Lake show a change between the relationship of climate and vegetation before and after peak landscape-scale wildfires (figures 1 and 2). However, the high variance in pollen data nearly obscures this change. For example, the initial change in residuals after peak burning is within the range of variation before the wildfires. At 1594 and 1784 BP the residuals were 28.4 and 210.1%, lower than the initial change in residuals of 28% at ca 1000 BP after the peak in landscape-scale wildfires ( figure 2b,c) . Similarly, without multiple data points showing a change in residuals it would be difficult to ascribe any change in pollen as a response to disturbance. Future resilience research would need to include high enough resolution within the timeframe of resistance and recovery to show a statistical change in residuals.
The differing source areas of vegetation and fire proxies contribute to the problem of detecting ecological responses to disturbance. Pollen deposited in lake sediment often comes from an area larger than the disturbance records reconstructed from individual lake-sediment charcoal records. Significant peaks in charcoal accumulation indicating wildfire generally come from high severity fires within a 1-3 km radius of a lake [23] . The majority of disturbances may leave most of the pollen source area unchanged. For pollen, the source area changes with species and forest cover. Depending on the vegetation cover surrounding a lake (e.g. tundra or closed forest) and lake size, pollen may come from vegetation within a 0.1-50 km radius [28] . By combining fires from multiple lakes across 100 000 ha, we reconstructed landscape-scale wildfire histories at a spatial scale approaching the pollen source area of vegetation impacted by those wildfires.
In figures 1e and 2c the plus signs indicate local fires (within 1-3 km) detected from charcoal in the same core used for pollen analysis. In the absence of landscape-scale wildfire histories, we might interpret conifer abundance as resilient throughout most of the record, that is, multiple other charcoal peaks indicate fires throughout the record without any apparent deviations from climate-vegetation predicted values. Because the source area of pollen and charcoal differ, investigators examining palaeoecological records for resilience must compare disturbance and vegetation proxies at similar scales. Otherwise the researcher risks analysing patterns in disturbance and vegetation that arise from differing measurement scales instead of the desired ecological processes [29] .
Lastly, we advocate high-resolution local climate proxies. Unfortunately, few high-resolution climate proxies exist. Local high-resolution proxies are important because often the regional expressions of global climate change differ in timing, magnitude and direction [3, 30] . In the case of Summit Lake, the local expression of climate changes during the past 2000 years, such as the Little Ice Age, varied [31, 32] . The vegetation response at Summit Lake was also subtle. If we only had a coarse global climate reconstruction, we would likely not observe a significant change in the vegetation-climate relationship.
These challenges should inform researchers where the best locations lie for examining ecological resilience and vegetation change. Vegetation responded to and tracked large changes in climate at the end of the Pleistocene (e.g. [3, [33] [34] [35] ). During the mid-Holocene when rates and magnitudes of climate change were relatively lower, internal ecological dynamics contributed to vegetation change [34] . Similarly, Rogers Lake shows Picea pollen percentages declining abruptly while generally following climate trends (figure 1). Rogers Lake may provide further insight about resilience and how well vegetation tracked the smaller scale variations in climate with additional sampling. Future resilience research at sites like Rogers Lake would require high-resolution pollen records, disturbance reconstructions near the spatial scale of the pollen source, and appropriate statistical analyses (e.g. accounting for the percentage constraints of pollen data using betabinomial distributed regression as well as accounting for autocorrelation when evaluating the significance of parameter estimates). Climate determined the ultimate decline in Picea, but disturbance may have influenced the vegetationclimate equilibrium either by allowing vegetation to closely track changes in climate or because they created a brief episodes of disequilibrium [36] . Examining resilience in the face of both large disturbance and rapid climate changes in the royalsocietypublishing.org/journal/rsbl Biol. Lett. 15: 20180768 past may provide one of the best ways to anticipate future ecological dynamics.
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